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Abstract 
After decommissioning of many open-cast lignite mines, numerous 
acidic post-mining lakes have formed in the Lusatian district (eastern 
Germany). With regard to (1) plans for neutralisation and subsequent 
use of these lakes for fisheries and (2) the risk of reacidification f 
previously neutralised lakes, the effects of acidic post-mining lake 
water on fish are of major interest. In order to investigate he contri- 
bution of A1 to overall toxicity and to assess whether the high Ca con- 
tent of the lakes has a protective effect, early life stages of vendace, 
Coregonus albuIa, were exposed for 60 days to nine combinations of 
pH, A1 and Ca in reconstituted post-mining lake water. Low pH (pH 
4.75 and 5.00) associated with 1.0-l.1 mg 1-1 Mn and 0.1 mg I -~ Fe 
did not reduce lmtching success and survival during the embryonic 
and early larval development when the A1 concentration was low 
(0.1-0.2 mg 1 -~). However, when the A1 content was increased to2.4 
and 2.1 mg l -I at pH 4.75 and 5.00, respectively, mortality prior to 
hatch was high, no (pH 4.75) or very few embryos (pH 5.00) hatched, 
and no fish survived to the end of the experiment. Increasing the Ca 
concentration from 111-117 mg 1 -~ to 233-256 mg I -j had no influ- 
ence on hatching and survival percentages. Thus, the deleterious ef- 
fect of the high AI concentrations (2.4 and 2.1 mg 1 -~) was greater 
than the protective effect of the high Ca content. 
Introduction 
In the Lusatian district (eastern Germany), large-scale open- 
cast mining of lignite has resulted in the formation of a 
severely disturbed landscape containing numerous artificial 
lakes. As a consequence of weathering of iron sulphides, 
these lakes typically have pH-values of about 3.0 and are rich 
in Fe and SO42 (GELLER et al. 1998; NIXDORF et al. 1998a, b). 
Furthermore, concentrations of Ca, A1, Mn and, frequently, 
trace metals are increased ue to geochemical mobilisation 
(REICHEL & UHLMANN 1995; FRIESE et al. 1998). 
For neutralisation purposes, some post-mining lakes have 
been flooded with circumneutral river water. Plans for future 
utilisation of the lakes include fisheries (KLAPPER et al. 
1998). In most post-mining lakes, littoral zones covered with 
macrophytes are scarce. Therefore, vendace (Coregonus al- 
bula L.), a pelagic species using zooplankton as food re- 
source (JACOBSEN 1982), appears to be appropriate for stock- 
ing and some aged, neutralised post-mining lakes have al- 
ready been stocked with vendace. As previously neutralised 
lakes may reacidify, for example during periods with reduced 
supply of river water (REICHEL & UHLMANN 1995; HEMM et 
al. 1999), the effects of acidic post-mining lake water on fish 
are of prime interest. 
In surface waters affected by acid rain, high mortalities of 
embryos and larvae are the major cause for the decline offish 
populations (PETERSON et al. 1982; OVERREIN 1983; SAYER et 
al. 1993). Acid tolerance does not only vary with species, 
strain and life stage, but greatly depends on hydrochemical 
conditions. In soft acid water, A1 and Ca are the major factors 
influencing the sensitivity of fish to acidification. Elevated 
concentrations of inorganic monomeric A1 (Alim) exacerbate 
the toxic effects of low pH-values on fish (PLAYLE et al. 1989; 
LYDERSEN et al. 1990; ROSSELAND • HENRIKSEN 1990). The 
embryonic stages prior to hatch are, however, less sensitive to 
A1 than eleutheroembryos and larvae, and A1 concentrations 
below 0.3-0.5 mg 1-1 may even have a protective ffect on 
survival to hatch (BAKER &; SCHOFIELD 1982; INGERSOLL et al. 
1990; SAYER et al. 1991). Apart from A1, increased concentra- 
tions of Mn, Fe and trace metals also have a deleterious effect 
on fish (READER et al. 1988, 1989; NYBERG et al. 1995), 
whereas elevated Ca concentrations mitigate the toxicity of 
low pH, AI and Mn (BROWN 1982; READER et al. 1988; POTTS 
& McWILLIAMS 1989; STUBBLEHELD et al. 1997). Increased 
levels of MR, Na and K also have a protective ffect, although 
to a lesser extent than Ca (RASK 1984; HUTCHINSON et al. 
1989). 
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Compared to the extremely dilute fresh waters affected by 
acid rain, concentrations of all ions are greatly increased in 
the Lusatian post-mining lakes. On the one hand, Ca levels in 
the post-mining lakes (typically 100-400 nag 1-1; REICHEL & 
UHLMANN 1995; NIXDORF et al. 1998b) are much higher than 
those in soft acid waters (usually below 3 mg 1-1; GJESSING et 
al. 1976; SPRY • WIENER 1991; SAYER et al. 1993). On the 
other hand, A1 concentrations in acidic post-mining lakes are 
typically in the range of 1-10 mg 1-1 (KLAPPER & SCHULTZE 
1995; FPdESE et al. 1998; NIXDORF et al. 1998b), whereas 
those in soft acid waters rarely exceed 0.5 mg 1 1 (GJESSING et 
al. 1976; SAYER et al. 1993; HOWELLS et al. 1994). In addi- 
tion, concentrations of Fe and Mn in the post-mining lakes 
are high (KLAPPER & SCHULTZE 1995; FRIESE et al. 1998; 
GELLER et al. 1998). Precipitation of ferric hydroxide on eggs 
may reduce survival of fish embryos (SMITH et al. 1973; 
GEERTZ-HANSEN & RASMUSSEN 1994). 
In a previous study (DuIs & OBEREMM 2000), early life 
stages of vendace were exposed to reconstituted post-mining 
lake water in order to assess the critical pH for survival under 
the hydrochemical conditions typical for Lusatian post-min- 
ing lakes. High mortalities were observed at pH <5.00 before, 
during and shortly after hatch and at pH 5.50 well after the 
onset of exogenous nutrition. 
The aims of the present study were (1) to determine the 
contribution of the high A1 concentrations to the overall toxici- 
ty of moderately acidic (pH 4.75 and 5.00) reconstituted post- 
mining lake water to embryonic and early larval stages of yen- 
dace and (2) to assess whether the high Ca levels in the recon- 
stituted post-mining lake water have a protective ffect on 
early development of vendace xposed to pH 4.75 and 5.00. 
Materials and Methods 
Experimental media 
according to the hydrochemical characteristics of the river water 
which is, for neutralisation purposes, diverted into Lake Gr~bendorf 
(D. LESSMANN, pers. comm.). It contained the following nominal 
concentrations (rag 1-1): Na: 20; K: 7; Ca: 91; Mg: 13; Fe: 1.5; Al: 
0.3; Mn: 0.5; CE: 36; SO42-: 241; HCO3-: 64. The media were mixed 
using circulation pumps and aerated overnight. Then, test solutions 
with pH 4.75 and 5.00 (four tanks, A-D, for each pH) were prepared 
by mixing acidic and neutral water. Finally, the A1 concentrations in 
tanks A and B were increased by addition of 2.4 and 2.2 mg 1 -z A1 at 
pH 4.75 and 5.00, respectively. The Ca concentrations in tanks A and 
C were increased to double of those in tanks B and D (see Table 1). 
Prior to using them in the early life stage test, the test solutions were 
aerated for at least three days. The pH-values were measured aily 
(WTW model 526 pH meter) and, if r/ecessary, readjusted by addi- 
tion of acidic (pH 3.30) or neutral (pH 7.40) medium as required. 
Due to the pH-dependent solubility of A1, the measured concen- 
trations of Al, which are presented in Table 1, were slightly lower 
than nominal (= total added) concentrations. Since both A1 and Ca 
were added as sulphates, the SO4 > concentrations of the test solu- 
tions increased slightly with elevated A1 content and markedly with 
elevated Ca levels. Conductivity also increased with increasing Ca 
content. There was little variation in the concentrations of Ha, K, Mg, 
Fe, Mn and C1- (Table 1). Precipitation of ferric hydroxide occurred 
in all test solutions and, consequently, the measured Fe concentra- 
tions were below the nominal concentrations. Supernatant water was 
used for incubation of the fish. 
Chemical analysis 
The test solutions were filtered (0.45 ~m cellulose-acetate filters, 
Sartorius) and analysed according to German standard methods 
(DEV 1986-1998; for the measuring fault see ZWIRNMANN et al. 
1999). Concentrations of Na and K were measured by atomic emis- 
sion spectrometry, those of Ca, Mg, Mn and total dissolved A1 by 
flame atomic absorption spectrometry (Perkin-Elmer AAS 3300). A1 
concentrations below 0.2 mg 1 J were determined by graphite furnace 
atomic absorption spectrometry (Perkin-Elmer HGA 600). Concen- 
trations of C1- and SO42- were measured by ion chromatography 
(Sykam), dissolved Fe was quantified using the ortbo-phenanthroline 
method. 
Early life stages of vendace were exposed to nine combinations of 
pH, A1 and Ca in reconstituted post-mining lake water (Table 1). The 
elevated A1 and Ca concentrations were in the range of those found in 
Lusatian post-mining lakes (KLAPPER ~, SCHULTZE 1995; REICHEL & 
UHLMANN 1995; FPdESE et al. 1998; NIXDORF et al. 1998b), whereas 
the lower A1 and Ca levels corresponded to those in the neutral river 
water used for flooding (D. LESSMANN, pers. comm.). 
The experimental media were prepared as follows. First, reconsti- 
tuted hard, acidic water (pH 3.30, conductivity 917 ~tS cm -1) and re- 
constituted neutral water (pH 7.40, conductivity 643 ~aS cm -~) were 
prepared by addition of sulphuric acid and inorganic salt solutions to 
deionised water. Apart from the levels of A1 and Ca, which were re- 
duced, the composition of the hard, acidic water was based upon the 
concentrations of major inorganic constituents measured in Lake 
Gr~bendorf, Lower Lusatia (D. LESSMANN, pers. comm.; see also 
NIXDORF et al. 1998b), a typical recently formed post-mining lake 
(HEMM et al. 1999). Nominal (= added) concentrations in the acidic 
water (mE 1 -z) were Ha: 10; K: 4; Ca: 120; Mg: 25; Fe: 10; Al: 0.3: 
Mn: 2; CI-: 25; SO42-: 384. Reconstituted neutral water was prepared 
Early life stage test 
Since vendace from the circumneutral Lake Arendsee (Sachsen-An- 
halt, Germany) were used for stocking of some neutralised post-min- 
ing lakes, we used fish from the same origin for our study. Chemical 
characteristics (mean values from 0-20 m depth for 1997) of Lake 
Arendsee were: Ha: 22.6; K: 9.7; Ca: 63; Mg: 8.6; Fe: <0.03; CI-: 44; 
SO42:75 mg 1-1; conductivity: 491 pS cm < (H. RONICKE, pers. 
comm.). Mature spawners were caught on January 7, 1998 (day 0) at 
a water temperature of 5 °C and a pH of 7.79. Ova and sperm were 
obtained by stripping the fish immediately after capture. The eggs 
were inseminated in lake water and transferred to the experimental 
media after 1.5 h. Reconstituted neutral water (pH 7.40) was used for 
incubation of the controls. The eggs were incubated in polystyrene 
Petri dishes (Greiner, 89 mm diameter) containing 20 ml of test solu- 
tion. All treatments were carried out in quadruplicate with 40 eggs 
per replicate. Until the onset of hatching (day 50) test solutions were 
renewed every other day, thereafter daily. The pH-values of the new 
test solutions were readjusted to the nominal pH (= target pH) of the 
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Table 1. Measured hydrochemical characteristics of the test solutions used in the early life stage test: means _+ SD (n = 5) for conductivity (jaS 
cm <) and single measurements forthe concentrations of dissolved A1, Ca, Na, K, Mg, Fe, Mn, CI and SO42- (rag 1 1). 
Nominal pH, Specific AI Ca Na K Mg Fe Mn C1- S042- 
treatment conductivity 
pH4.75 A 1004 _+ 157 2.4 256 16.9 6.4 18.7 0.11 1.11 32 538 
B 715 + 74 2.4 115 16.9 6.5 18.2 0.06 1.10 30. 324 
C 1008 _+ 153 0.2 254 16.9 6.3 18.8 0.10 1.02 32 554 
D 707 _+ 71 0.2 117 17.0 6.4 18.2 0.11 1.09 34 340 
pH 5.00 A 998 + i47 2.1 239 16.6 6.3 17.9 0.07 1.04 35 544 
B 707 + 71 2.1 112 16.5 6.4 17.6 0.09 1.05 34 326 
C 990 + 144 0.1 233 16.3 6.3 18.2 0.07 1.01 32 536 
D 701 + 70 0.1 111 16.1 6.2 18.l 0.09 1.06 32 312 
pH 7.40 643 + 45 0.1 106 19.7 7.2 i3.0 0.06 0.47 35 230 
respective treatment if necessary, and the pH-values of the old (= re- 
moved) solutions were measured. During the 24 or 48 h interval be- 
tween two replacements of the test solutions in Petri dishes, pH-val- 
ues of the acidic solutions tended to increase. In the treatments with 
elevated A1 concentrations these changes in pH were relatively small, 
but at lower AI content they increased, especially during the period of 
hatching and after the onset of feeding. Both at nominal pH 4.75 and 
5.00, measured pH-values of the old test solutions in treatments C 
and D were about 0.2-0.3 pH-units higher than those in treatments A 
and B (Table 2). As an approximation fthe average pH during expo- 
sure, mean values of the nominal pH (i.e. the pH to which the new 
test solutions added to the Petri dishes had been adjusted) and the 
measured pH of the old, removed solutions were calculated for each 
treatment and day. Calculations were performed on the concentra- 
Table 2. The pH-values of the test solutions used in the early life 
stage test: nominal pH (= pH of the new test solutions), measured pH 
of the old, removed test solutions'), and calculated average treatment 
pH-values]). 
Nominal pH, Measured pH of Calculated average 
treatment removed test treatment pH 
solutions 
pH 4.75 A 4.91 (4.89-4.93) 4.82 (4.81-4.83) ° 
B 4.81 (4,704.95) 4.78 (4.73-4.84) ° 
C 5.08 (5.02-5.16) 4.89 (4.86-4.91) ~
D 5.10 (5.04-5.19) 4.89 (4.87-4.92) ~ 
pH 5.00 A 5.08 (5.06-5.10) 5.04 (5.03-5.05) c 
B 5.05 (5.04-5.07) 5.03 (5.02-5.03) c 
C 5.32 (5.24-5.42) 5.13 (5.11-5.16) b
D 5.35 (15.27-5.45) 5.14 (5.11-5.17) b 
pH 7.40 7.21 (7.12-7.32) 7.29 (7.24-7.36) 
') Mean values and 95% confidence limits. 
a~) Calculated average treatment pH-values followed by a different 
letter are significantly different from each other (ANOVA, Dunnet- 
T3, p < 0.05). 
tions of H ÷ and converted to pH. At both nominal pH-values, the cal- 
culated average pH-values in treatments C and D were about 0.1 pH- 
unit higher than those in treatments A and B. Calculated average pH- 
values in the treatments 4.75A-D were significantly lower than those 
in the corresponding treatments atpH 5.00 (4.75A vs. 5.00A, 4.75B 
vs. 5.00B etc.; see Table 2). For the sake of clarity, nominal pH-val- 
ues are used throughout the text. 
Early life stages of vendace were incubated at 6 °C until day 6, 
then temperature was gradually increased to 9 °C (7 °C until day 7, 
8 °C until day 56, 9 °C until day 60) in order to imitate the seasonal 
increase in water temperature. Fish were fed ad libitum with cultured 
Paramecium caudatum and newly hatched Artemia nauplii (AF 480, 
INVE Aquaculture). 
Mortality of vendace was registered aily. Unfertilised eggs, i.e. 
eggs which either had no perivitelline space or which showed abnor- 
mal cleavages during very early stages (FREDRICH 1980; SI~mLDS et 
al. 1997), and malformed embryos and larvae were removed and 
counted as dead ones. The number of fully hatched embryos was 
recorded aily, embryos which died in a partly hatched state were 
registered separately. Mortality prior to hatch, hatching mortality, 
hatching and survival to the end of the experiment were expressed as 
percentages of the number of eggs at the beginning of exposure. The 
experiment was terminated on day 60, a few days after the onset of 
exogenous nutrition. 
The terminology of BALON (1975) was used for the early life 
stages° with first feeding marking the transition from the embryonic 
to the larval period. The term 'eleutheroembryo' is applied to the last 
embryonic phase (from hatching to first feeding). 
Statistical analyses 
Percentages of unfertilised eggs, hatching and overall survival were 
arcsine-square oot transformed and analysed by one-way ANOVA 
followed by the Tukey test. When analysing hatching percentages 
and overall survival, treatments with 100% mortality and no hatch 
were excluded from ANOVA, since differences were obvious and ho- 
mogeneity of variances would have been offended. Calculated aver- 
age treatment pH-values were compared by one-way ANOVA fol- 
lowed by the Dunnet-T3 test, which is appropriate in case of het- 
eroscedasticity. All tests were performed at the 5% level of signifi- 
cance using the SPSS statistical program. 
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Results 
In all treatments, ferric hydroxide was precipitating on the 
egg envelopes. Interestingly, the amount of precipitate on the 
eggs exposed to pH 4.75 and 5.00 was low when the A1 con- 
centration was elevated (treatments A, B), whereas it was 
fairly large when the A1 content was reduced (treatments C,
D). There was very little precipitate on the eggs incubated at 
pH 7.40 (control). 
In the control, mortality prior to hatch was 41%. Unfer- 
tilised eggs (33%) which were removed uring the first days 
of the experiment accounted for most of this background mor- 
tality. As expected (all eggs were inseminated in circumneu- 
tral lake water), there were no significant differences between 
the percentages of unfertilised eggs in any of the treatments. 
Survival from fertilisation to hatch was strongly affected 
by elevated A1 levels. In the treatments with high A1 concen- 
trations (2.4 mg 1-1 in the treatments 4.75A and B, 2.1 mg 1-1 
in the treatments 5.00A and B), mortality started to increase 
on day 35, two weeks prior to the onset of hatching at pH 
7.40, and reached values between 90 and 98%. 3 and 2% of 
the embryos in the treatments 4.75A and B, respectively, died 
in a partly hatched state, yet no embryos uccessfully com- 
pleted the hatching process (Fig. 1). At pH 5.00 and 2.1 mg 1-1 
A1, hatching began 5-7 days later than in the control. The 
hatching percentages were extremely low (1% in treatment 
5.00A, 5% in treatment 5.00B, see Fig. 1), and the 
eleutheroembryos did not survive longer than a few days. 
Two percent of the embryos in treatment 5.00A and 5% in 
treatment 5.00B died after partial hatching. 
By contrast, survival from fertilisation to hatch and hatching 
percentages (see Fig. 1) at pH 4.75 and 5.00 did not differ signif- 
icantly from control values when the A1 concentration was low 
(0.2 mg 1 -~ in the treatments 4.75C and D, 0.1 mg 1-1 in the treat- 
ments 5.00C and D). In these treatments, there was either little 
(4.75C: 1%) or no hatching mortality (4.75D, 5.00C and D). 
During the last few days of the exposure, the larvae kept at 
pH 7.40 and those in the treatments 5.00C and D were feed- 
ing regularly on Paramecium and on Artemia nauplii, where- 
as most larvae in the treatments 4.75C and D were only in- 
gesting Paramecium. In Fig. 2, survival of vendace to the end 
of the experiment (day 60) is presented. There was no sur- 
vival in the treatments with A1 concentrations of 2.1 and 2.4 
mg 1-1 (4.75A and B, 5.00A and B). However, exposure to 
pH 4.75 and 5.00 did not significantly reduce survival of ven- 
dace to day 60 when the A1 concentration was 0.1-0.2 mg 1 -~ 
(4.75C and D, 5.00C and D). 
When comparing the treatments which did not differ in 
their A1 content, but were characterised bydifferent Ca levels 
(4.75A vs. B, 4.75C vs. D, 5.00A vs. B and 5.00C vs. D; see 
Table 1), it can be seen that increasing the Ca concentration 
from 111-117 mg 1-1 to 233-256 mg 1-1 had no significant in- 
fluence on hatching percentages (Fig. 1) and survival to the 
end of the experiment (Fig. 2). 
Discussion 
In order to determine the contribution of A1 to total toxicity 
and to assess whether the high Ca levels have a protective 
effect, embryonic and early larval stages of vendace were 
exposed to several combinations of pH, A1 and Ca in recon- 
stituted post-mining lake water. Due to the relatively high 
temperature in January 1998, the end of the spawning sea- 
son of vendace in Lake Arendsee was reached shortly after 
the experiment was started. The elevated percentage of un- 
fertilised eggs, which accounted for most of the high back- 
ground mortality, was probably related to this fact. It has 
been shown that as a consequence of overripening of the 
eggs, the fertilisation rate may decrease during the last 
phase of spawning (WILKONSKA ~; ZUROMSKA 1981; KAM- 
LER 1992). 
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Fig. 1. Hatching percentages of vendace mbryos (mean values _+ 
SD). Percentages marked with 'a' differ significantly from those 
marked with 'b' (ANOVA, Tukey, p < 0.05). In the treatments 4.75A 
and 4.75B, no embryos hatched. 
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Fig 2. Percent survival of vendace at the end of the experiment (day 
60): percentages (mean values _+ SD) refer to the number of eggs at 
the beginning of exposure. In the treatments with elevated A1 content 
(A and B), there were no survivors. Survival percentages in the treat- 
ments with low A1 content (C and D) were not significantly different 
from those at pH 7.40 (ANOVA, Tukey). 
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Despite this background mortality, the results of the exper- 
iment were very clear. Low pH (pH 4.75 and 5.00) associated 
with Mn levels of 1.0-1.1 mg 1-1 and Fe concentrations of
about 0.1 mg 1-1 did not affect survival during the embryonic 
and early larval development when the A1 content was low 
(0.1-0.2 mg 1-1). However, when the A1 concentration was in- 
creased to 2.4 and 2.1 mg 1-1 at pH 4.75 and 5.00, respective- 
ly, survival of vendace from fertilisation to hatch and hatch- 
ing percentages were severely affected and no fish survived 
to the end of the experiment. 
In soft acid water (pH 4.5 and 5.4), Mn concentrations of
0.36 and 1.08 mg 1 J had a detrimental effect on Ca uptake 
and skeletal calcification in brown trout (Salmo trutta) 
eleutheroembryos. These negative ffects of Mn were, how- 
ever, minor compared to those of 0.16-0.22 mg 1 -I A1 (READ- 
ER et al. 1988), which is in the range of the lower A1 level in 
our study. Furthermore, increasing the Ca content from 1 to 
20 mg 1-1 provided a good protection against Mn toxicity 
(READER et al. 1988). Accordingly, the high Ca content of the 
experimental media might also have antagonised the toxicity 
of Mn in our study. 
It is not clear in which way precipitation of ferric hydrox- 
ide on vendace eggs was reduced by the high A1 content. 
Anyhow, since significant amounts of Fe hydroxide were 
only observed on the eggs when the Al concentration was low 
and sm'vival in these treatments did not differ significantly 
from control values, the effects of Fe precipitates on develop- 
ment of vendace from fertilisation to hatch appear to be 
minor. Concentrations of dissolved Fe in all treatments were 
clearly below 0.5-1.0 mg 1 -I, the level considered to be criti- 
cal for survival of brown trout embryos (GEERTZ-HANSEN & 
RASMUSSEN 1994). In our experiment, formation of thick lay- 
ers of precipitate on the eggs, which might cause suffocation 
of the embryo (SMITH et al. 1973; GEERTZ-HANSEN & RAS- 
MUSSEN 1994), was prevented, because vendace ggs were 
moved during the replacements of the test solutions. In view 
of the fact that in streams receiving acid mine drainage, de- 
posits of ferric hydroxide have a major adverse ffect on ben- 
thic invertebrates (JARVIS & YOUNGER 1997) and may smoth- 
er fish eggs (HOEnN & SIZEMORE 1977), it should, however, 
be considered that accumulation of Fe on the egg surface 
might also affect survival of fish embryos in the post-mining 
lakes. 
Compared to A1 levels in soft acid waters (SAYER et al. 
1993; HOWELLS et al. 1994), the elevated A1 concentrations in 
our study (2.1 and 2.4 mg 1 1) were very high. The toxicity of 
A1 is dependent on its speciation, which in turn depends on 
pH, concentrations of complexing ligands, ionic strength and 
temperature (LYDERSEN et al. 1990; HERRMANN & BAUM- 
GARTNER 1992). Inorganic monomeric Al-species (especially 
Al-hydroxides, due to their high respiratory toxicity at pH 
5.0-6.0) are most toxic to fish (DRISCOLL et al. 1980; LYDER- 
SEN et al. 1990; HOWELLS et al. 1994; POL£O 1995). By con- 
trast, A1 which is complexed to dissolved organic carbon 
(DOC) has low toxicity (LYDERSEN et al. 1990; PARKHURST et 
al. 1990). Although in the present study only total dissolved 
A1 was measured, it can be deduced from the chemical char- 
acteristics of the test solutions that inorganic monomeric A1 
(Alim) has prevailed. At low pH and high ionic strength, con- 
centrations of polymeric A1 are generally low (MILLER & AN- 
DELMAN 1987; PLAYLE & WOOD 1990). Accordingly, inorgan- 
ic monomeric A1 species (AP +, Al-sulphates and -hydroxides) 
were predominant in minesoil solutions from an open-cast 
lignite mine (MONTERROSO et al. 1994). Furthermore, since 
levels of DOC in acidic post-mining lakes are low (ranging 
from <0.5 to 4 mg 1-1; KLAPPER & SCHULTZE 1995; KAPFER 
1998; NIXDORF et al. 1998a), no DOC was added to the test 
solutions used in the present study. Hence, the new solutions 
added to the Petri dishes did not contain organically com- 
plexed A1. Between two replacements of the test solutions, 
some A1 may have bound to substances released from the de- 
veloping fish and the food organisms, and some A1 may have 
precipitated, but new Alim was added with the new test solu- 
tions. 
Whereas A1 concentrations of 0.1 and 0.2 nag 1-1 had little 
effect on the early development of vendace, A1 levels of 2.1 
and 2.4 mg 1 1 were, despite the high Ca content, clearly 
detrimental. High mortalities were already observed prior to 
hatch, i.e. during stages which are relatively tolerant o A1 
(BAKER & SCHOFIELD 1982; INGERSOLL et al. 1990; SAYER et 
al. 1991). Previous studies (MALTE 1986; WOOD & McDoN- 
ALD 1987; EXLEY et al. 1991) indicate that Ca does not pro- 
vide a protection against the respiratory toxicity of A1. 
Moreover, the ionoregulatory toxicity caused by exposure to 
low pH and to A1 is reduced but not prevented by high ambi- 
ent Ca concentrations (WOOD & McDONALD 1987; WOOD et 
al. 1990). Since the A1 concentrations in the treatments A 
and B in our experiment were particularly high, the deleteri- 
ous effect of acid and A1 has apparently greatly exceeded the 
protective ffect of Ca. Increasing sensitivity to both A1 and 
low pH after hatch (INGERSOLL et al. 1990; SAYER et al. 
1993) explains why the few embryos, which had hatched at 
pH 5.00 and 2.1 mg 1 i A1, died within a few days after 
hatch. 
The reduced feeding activity of the larvae at pH 4.75 and 
low A1 content (treatments C and D) compared to those in the 
respective treatments at pH 5.00 might be related to both pH 
(calculated average pH-values in the treatments 4.75C and D 
were significantly lower than those in the treatments 5.00C 
and D) and A1 concentration (0.2 mg 1-1 at pH 4.75; 0.1 mg 1-1 
at pH 5.00). 
Increasing the Ca concentration from 111-117 mg 1 -I to 
233-256 mg 1 1 had no influence on hatching and survival of 
vendace. In soft acid waters, Ca levels are often close to the 
lower tolerance limit offish (RosSELAND & STAURNES 1994). 
When Ca concentrations are very low (<4 mg 1-1), small in- 
creases in the Ca content lead to a significant increase of acid 
tolerance. However, when Ca levels are higher, the effects of 
a further increase diminish (BROWN 1982; FRENETTE et al. 
1986; INGERSOLL et al. 1990). The lower Ca concentrations in 
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our study correspond to those in River Spree, a lowland river 
with relatively hard water. Hence, a maximum protective f- 
fect of Ca might already have been reached in the treatments 
with lower Ca content, so that a further increase of the Ca 
concentration did not provide any additional protection from 
acid/A1 toxicity. 
Since a semistatic exposure system was used, pH increas- 
es between two replacements of the test solutions in the Petri 
dishes were unavoidable. Due to the buffering capacity of A1 
(BLOWES et al. 1994; GELLER et al. 1998) these increases in 
pH were higher when the A1 concentration was low. The av- 
erage pH-values in treatments 4.75C and D (where survival 
to the end of the experiment did not significantly differ from 
the control) were, however, still slightly lower than those in 
treatments 5.00A and B (where no embryos survived). 
Therefore, increased survival cannot be attributed to in- 
creased pH but was clearly related to the lower A1 concentra- 
tion. 
As sensitivity to A1 increases with age and, especially, 
with transition to branchial respiration (INGERSOLL et al. 
1990; ROSSELAND • STAURNES 1994), it is not clear whether 
vendace xposed to pH 4.75-5.00 and 0.1-0.2 mg 1 A1 would 
have survived to the juvenile stages. Moreover, further exper- 
iments using a flow-through system and in-situ exposure, re- 
spectively, are required to elucidate the contribution of A1 to 
the mortality of vendace well after the onset of feeding and 
the impact of Fe precipitate on survival to hatch in Lusatian 
post-mining lakes. 
To conclude, the results of the present study strongly sug- 
gest that A1 is the key factor reducing the survival of vendace 
during embryonic and early larval development in reconsti- 
tuted post-mining lake water. The negative ffect of the ele- 
vated A1 concentrations clearly exceeded the protective ffect 
of the high Ca concentrations. 
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Rolle der Schwermetalle mit all ihren Folgen gelegt. 
Ftir die Beitrfige dieses Buches zeichnen 34 Autoren verant- 
wortlich, die tiberwiegende Mehrzahl von ihnen kommt aus Finn- 
land. Der Grund daftir mag sein, dab gerade die n6rdlichen Seen 
sehr sensibel auf anthropogene Einfiasse reagieren. Die Nennung 
einiger Themen soll die au~3erordentliche t matische Breite des 
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Der kurze Aasschnitt aus dem Themenspektrum zeigt die Reich- 
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